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Abstract
We are using a DRS4 digital oscilloscope board for time-of-flight (TOF) applications in Fermilab. We developed a
model to perform waveform analysis of the DRS4 data taken with silicon photomultipliers. The applications range
from Cherenkov TOF systems to TOF positron emission tomography. The unified approach allows achieving high time
resolutions for signals with width from a few to hundreds of nanoseconds.
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1. Introduction
We have already reported the application of silicon photomultipliers for beamline TOF system at the
Fermilab Meson Test Beam Facility[2]. Those results were obtained with an Ortec constant fraction dis-
criminator. In this presentation we describe an approach based on the use of the DRS4 evaluation board.
2. Parametrization
The DRS4 evaluation board[1] is based on the DRS4 Switched Capacitor Array chip and uses four out of
eight available channels to digitize the electronic pulses at a sampling speed of up to 5 GS/s. The evaluation
board has a trigger input and communicates with a computer controlled by the data acquisition program
through a USB interface. We estimated the intrinsic time resolution of the DRS4 readout at about 5 ps.
We analyzed stored waveform data and assigned a time stamp for every pulse. The simplest method to
timestamp the output pulse is to fit a straight line to the pulse’s leading edge between e.g. 10% and 90% of
the pulse’s height. We found that the straight line does not describe the leading edge well enough. Therefore
we developed a general model of the fast photodetector like a photomultiplier or avalanche mode silicon
photomultiplier (SiPM) to describe the output electronic pulse with a better precision. We are parametrizing
the output pulses in terms of the charge and discharge times, τ1 and τ2 respectively:
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p(t) = (1 − e−t/τ1)e−t/τ2
We apply this parametrization for the scintillating crystals after the convolution of the p(t) with an
exponent which describes the scintillator decay. To take into account signal jitter we convolute the pulse
function with the Gaussian resolution function with width σ. In SiPM applications the τ1 describes the rise
time while τ2 is responsible for the exponential tail.
In total the model has 6 parameters: charge and discharge times τ1 and τ2, scintillator decay time T , time
jitter σ, and the position and amplitude of the pulse. We fit the data in two steps. In the first step, we fix the
leading edge parameters τ1 and σ to fit the pulse position and tail. In the second step, we refit the leading
edge region with the parameters τ2 and T fixed to the values from the first step. We define a timestamp as
the intersection of the tangent to the point at the half of the maximum with the time axis.
3. Applications
Fig. 1 shows fit to the SiPM signal from the Cherenkov light. The SiPMs were coupled to the DRS4
evaluation board through ORTEC VT-120 preamplifiers. The clipping capacitor of 10 pF shortened the pulse
rise time to about 1 ns (see [3] for circuit details).
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Fig. 1. Prompt Cherenkov light, clipping capacitor.
time, ns
50 60 70 80 90 100 110 120
A,
 m
V
-10
0
10
20
30
40
50
60
70  / ndf 2χ  202.7 / 82
A           0.5± 7.011e+09 
x0        0.02531± 62.27 
tau1          0±   0.2 
tau2        0.5± 2.666e+07 
T             0± 17.88 
sigma
 1.417± 0.01353 
Fig. 2. LYSO crystal, 22Na source, no clipping capacitor.
An example of the fit to the wide pulse is shown in the Fig. 2. The SiPM read out signals from a
LYSO crystal. Its circuit did not contain the clipping capacitor. The crystal detectors registered annihilation
photons emitted from the 22Na radioactive source in coincidence. The fitted signal width of about 18 ns was
shorter than expected from LYSO decay time of 40 ns because of the use of amplifiers on the SiPM output.
The pulse shape fluctuations on the tail were properties of the SiPM readout of the LYSO crystal[4].
Fig. 3 shows the measured time resolution obtained on proton beam with an energy of 120 GeV at
the Fermilab Meson Test Beam Facility. We detected the Cherenkov light generated in the 30x3x3 mm3
quartz bars. The bars were attached to separate Hamamatsu MPPCs. Each MPPC was equipped with 10 pF
clipping capacitor and ORTEC VT-120 preamplifier. The data collected by DRS4 at sampling frequency
5 GS/s were fitted with the pulse function to obtain the time stamp as described above.
An integral over the signal region provides pulse hight information. We use the pulse hight distribution
to estimate the number of photoelectrons from the width of the Gaussian fit to the pulse hight spectrum
(no additional corrections have been made). Fig.4 shows the dependence of the time resolution of the
3.5x3.5 mm2 SiPM (STMicroelectronics) on the light intensity in the number of photoelectrons. The data
was obtained with red picosecond laser at the Fermilab SiDet Facility. The SiPM was coupled directly to
the DRS4 without the clipping capacitor and preamplifier. The deflection of the last points from the inverse
square root low may indicate saturation eﬀects.
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Fig. 3. Beam test, SiPM-to-SiPM time resolution.
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Fig. 4. Time resolution vs the number of photoelectrons.
4. Summary
We developed a robust parametrization of the output pulse of the fast photodetectors with the DRS4
readout. The waveform analysis procedure provides accurate time stamping to the level of the TOF hardware
support. The procedure is capable of describing both narrow (few nanoseconds) and wide (up to hundreds
of nanoseconds) output pulses and can be used for a wide range of timing studies.
The authors thank STMicroelectonics (Catania, Italy) for providing the silicon photomultipliers that
were used for part of this work.
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